22 level has dramatic consequences on animal survival, but minor effect at the cell-126 autonomous level, suggesting that within an organism, alternative pathways may 127 operate to compensate local metabolic defects. Nonetheless, at the cell-autonomous 128 level, metabolic restriction can partially restrain overgrowth dependent on hyper-129 activation of Ilp-but not mTORC1-signaling, indicating that the potential compensatory 130 metabolic pathways do not fully operate in the context of Ilp-signaling stimulation. 131 132 MATERIAL & METHODS 133 Genetics and fly handling 134 Fly strains: P[w[+mC]=tubP-GAL80]LL10,P[ry[+t7.2]=neoFRT]40A, daughterless(da)-135 gal4, tub-gal80 ts , UAS-Dcr-2 (Bloomington Stock Center); FASN 1-2 (GARRIDO et al. 136
The glycolytic/lipogenic axis promotes the synthesis of energetic molecules and building 23 blocks necessary to support cell growth, although the absolute requirement of this 24 metabolic axis must be deeply investigated. Here, we used Drosophila genetics and 25 focus on the mTOR signaling network that controls cell growth and homeostasis. mTOR 26 is present in two distinct complexes, mTORC1 and mTORC2. The former directly 27 responds to amino acids and energetic levels, whereas the latter is required to sustain 28 the signaling response downstream of insulin-like-peptide (Ilp) stimulation. Either 29 signaling branch can be independently modulated in most Drosophila tissues. We 30 confirm this independency in the fat tissue. We show that ubiquitous over-activation of 31 mTORC1 or Ilp signaling affects carbohydrate and lipid metabolism, supporting the use 32 of Drosophila as a powerful model to study the link between growth and metabolism. 33
We show that cell-autonomous restriction of glycolysis or lipogenesis in fat cells 34 impedes overgrowth dependent on Ilp-but not mTORC1-signaling. Additionally, 35 ubiquitous deficiency of lipogenesis (FASN mutants) results in a drop in mTORC1 but 36 not Ilp signaling, whereas, at the cell-autonomous level, lipogenesis deficiency affects 37 none of these signals in fat cells. These findings thus, reveal differential metabolic 38 sensitivity of mTORC1-and Ilp-dependent overgrowth. Furthermore, they suggest that 39 local metabolic defects may elicit compensatory pathways between neighboring cells, 40
whereas enzyme knockdown in the whole organism results in animal death. Importantly, 41 our study weakens the use of single inhibitors to fight mTOR-related diseases and 42 strengthens the use of drug combination and selective tissue-targeting. The mTOR protein kinase is present in two distinct complexes, mTORC1 and mTORC2 60 that comprise raptor and rictor, respectively SARBASSOV et al. 2005) . 61
Regulation of mTORC1 activity by ATP and amino acids depends on a multi-step 62 process that results in the recruitment of an mTORC1 homodimer at the lysosomal 63 membrane in the vicinity of the small GTPase Rheb (Ras homologue enriched in brain) 64 such kinase, sequentially activated through the phosphorylation of its T389 and T229 68 residues by mTORC1 and by PDK1 (Phosphoinositide-dependent protein kinase 1), 69 In the present study, we investigated the requirement of the glycolytic/lipogenic axis for 116 The standard media used in this study contained agar (1g), polenta (6g) and yeast (4g) 146 for 100ml. Lipid-(beySD) and sugar-complemented media were prepared as previously 147 described . 148
To select FASN 1-2 mutant larvae, we used a GFP-labelled CyO balancer chromosome. 149
Flies were let to lay eggs on grape juice plates for less than 24 hrs. Then, some beySD 150 media was put in the middle of the plates; larvae that do not express GFP were 151 collected the next day and transferred to fresh tubes. Prepupae were collected once a 152 day to evaluate developmental delay and to measure body weight. 153 154
Molecular biology and Biochemistry 155
To test RNAi-knockdown efficacy to the glycolytic enzymes ( Figure S2 ), UAS-Dcr-2;da-156 gal4,tub-gal80 ts virgin females were mated with UAS-RNAi males. Flies were let to lay 157 eggs overnight and tubes were kept at 19°C for two days. Tubes were then transferred 158 at 29°C and two days later, larvae of roughly the same size were collected. Reverse 159 transcription and quantitative PCR were performed as previously described (PARVY et 160
Protein extracts for western-blotting were prepared as previously described ( For metabolic measurements, parental flies were let to lay eggs in tubes for less than 24 165 hrs at 25°C. Tubes were then transferred at 29°C to strengthen the gal4/UAS effect, 166 and using a UAS-Dcr-2 to strengthen the RNAi effect. Larvae were either maintained in 167 the same tubes or selected prior to L2/L3 transition and transferred on 20%-SSD. 168
Collection of prepupae and metabolic measurements were performed as previously 169 described . 170 171
Clonal analysis 172
All the clones were generated using the MARCM strategy (LEE AND LUO 2001). Parental 173 flies were let to lay eggs at 25°C for seven hrs. Tubes were then heat shocked for 65 174 minutes in a water bath at 38°C so that recombination happens while FB precursor cells 175 are in dividing process. FB from feeding larvae at the end of the L3 stage where 176 dissected, fixed, membranes were labelled with phalloidin and nuclei with DAPI, and FB 177 were mounted as previously described . Image acquisitions were 178 obtained using a Leica SP8 confocal laser-scanning microscope. For immuno staining 179 the phospho-S6 antibody has been previously described (ROMERO-POZUELO et al. correspond to a set of experiments that spanned a two-year period. It represent too 183 many replicates, so that it was not possible to make them at the same time. Therefore, 184
for the graphs of cell size measurement ( Figure and Table S3 for PTEN knockdown and Rheb overexpression; Figure 6B and Table S4  209 for FASN 1-2 mutants). TAG, Protein, Glycogen, and Threalose concentrations were also 210 analyzed with linear models involving Genotype, Sucrose level, and their interactions as 211 fixed effects ( Figure 3 and Table S3 ). whereas mTOR 2L1 ,PTEN -/clonal cells were giant (compare Figure 1F to 1I and 1L). 244
These findings indicate that the mTOR 2L1 mutation affects mTORC1 but not ilp 245 signaling, whereas mTOR ΔP affects both signaling branches. 246
Next, we used phospho-specific antibodies in immunostaining assays to analyze the 247 phosphorylation of Akt (P-Akt) and of the dS6K target, ribosomal protein rpS6 (P-S6). In 248 PTEN -/clonal cells, we observed an increase in the P-Akt intracellular signal ( Figure  249 2A). Importantly the P-Akt intracellular signal was absent in mTOR ΔP cells ( Figure 2B whereas the ratio of P-S6 positive cells was slightly but not significantly increased in the 259 PTEN -/cell population ( Figure 2I and 2K). Taken together, these findings confirm that 260 mTORC1 and Ilp signaling operate independently in FB cells and reveal that the 261 mTOR 2L1 mutation affects only mTORC1, whereas the mTOR ΔP mutation affects both 262 signaling branches. 263 264 Activating mTORC1 or Ilp signaling impacts basal metabolism 265 A number of studies support the notion that the mTOR signaling network controls 266 metabolism to sustain cellular growth. To evaluate how mTORC1 and Ilp affect basal 267 metabolism in Drosophila, we analyzed various metabolites in whole animals that 268 express the ubiquitous da-gal4 driver to direct Rheb overexpression (Rheb ++ ) or PTEN 269 knockdown by RNA interference (PTEN-RNAi). Larvae were fed either a standard or a 270 20%-sucrose supplemented diet (20%-SSD) and 0-5h prepupae were collected, as this 271 is a convenient phase to stage the animals after the feeding period. When fed a 272 standard diet, a high rate of lethality was observed for Rheb ++ prepupae was roughly similar to that of controls ( Figure 3A and 3B) . Conversely, 280 providing a 20%-SSD resulted in a drop of the prepupal weight of control animals that 281 was significantly compensated in Rheb ++ and PTEN-RNAi prepupae ( Figure 3A and 282 3B). 283
Next, we measured the total amounts of protein, triacylglycerol (TAG), glycogen and 284 trehalose-the most abundant circulating sugar in Drosophila. Although variations in 285 protein levels were observed, none of them were statistically significant ( Figure 3C ). 286 TAG levels in control prepupae were not affected by sucrose supplementation and did 287 not vary in PTEN-RNAi, but were significantly decreased in Rheb ++ animals ( Figure 3D) . 288
Feeding larvae a 20%-SSD since the L2/L3 molting transition resulted in a marked in 289 increase in glycogen and trehalose levels in control prepupae ( Figure 3E-F) . In Rheb ++ 290 and, in lower extent, in PTEN-RNAi prepupae, glycogen levels were significantly lower 291 than those measured in controls ( Figure 3E ). Finally, trehalose levels were strongly 292 decreased in both Rheb ++ and PTEN-RNAi prepupae fed either a standard or a 20%-293 SSD as compared to the control ( Figure 3F ). Taken together, these findings suggest 294 that a ubiquitous increased activity of either mTORC1 or Ilp signaling provokes an 295 apparent increase in metabolite consumption. This metabolic rate is correlated with a 296 relative increase in body weight for larvae fed a 20%-SSD, but not for those fed a 297 standard diet. We previously observed that increasing dietary sucrose induced a 298 reduction in food intake (GARRIDO et al. 2015) that may account for the body weight 299 reduction of control animals. Potentially, food intake could be less affected in Rheb ++ 300 and PTEN-RNAi animals, thereby leading to a compensatory effect on body weight. 301
Measuring food intake in Rheb ++ or PTEN-RNAi larvae was not applicable since most of 302 them die during larval stage and thus, terminate feeding earlier. In sum, our data 303
indicates that basal metabolism is altered in the few Rheb ++ or PTEN-RNAi larvae that 304 survive and further suggests that in most cases stronger metabolic disruption 305 happened, resulting in lethal homeostatic defects. 306
307
Knocking-down glycolysis at the whole body level 308
Since manipulating mTOR resulted in a decrease in the levels of TAG and glycogen 309 stores and of circulating trehalose (Figure 3) , we asked whether the basal energetic 310 metabolism affected mTORC1-and/or Ilp-signaling. First, we ubiquitously expressed 311 interfering RNA against phosphofructokinase1 (PFK1-RNAi), pyruvate kinase (PK-312
RNAi) pyruvate dehydrogenase (PDH-RNAi) and lactate dehydrogenase (LDH-RNAi). 313 PFK1 catalyzes the third glycolytic reaction to form fructose 1,6-bisphophate; PK 314 catalyzes the final glycolytic reaction to form pyruvate; PDH directs the mitochondrial 315 fate of pyruvate, whereas LDH directs its anaerobic fate ( Figure 4A ). When directed with 316 the ubiquitous da-gal4 driver, PK-RNAi provoked early larval lethality, PFK1-RNAi and 317 PDH-RNAi provoked larval lethality at L2 or L3 stages, whereas LDH-RNAi induced a 318 semi-lethal phenotype at larval or pupal stages ( Figure 4B) . 319
Second, we monitored the phosphorylation of the Drosophila S6Kinase (dS6K) and Akt 320
as read-out of the activity of mTORC1-and Ilp-signaling respectively. To circumvent the 321 early lethality, the da-gal4 driver was combined with a ubiquitous thermo-sensitive form 322 of the Gal4 inhibitor, Gal80 ts (tub-gal80 ts ) that blocks Gal4 activity at 21°C but not at 323 29°C, thereby allowing RNAi expression after temperature shift. Each RNAi was 324 ubiquitously induced at early L1 stage and protein extracts were prepared two days later 325 using late L2 larvae. At this stage the larvae were still viable, although those expressing 326 PK-RNAi did not undergo L2/L3 transition and eventually died ( Figure 4B ). Western-327 blotting using these L2 protein extracts revealed that RNAi-knockdown of PFK1, LDH or 328 PDH did not affect Akt or dS6K phosphorylation ( Figure 4C ). In contrast, PK knockdown 329 strongly decreased dS6K phosphorylation and to a lower extent Akt phosphorylation 330 ( Figure 4C ). These results indicate that mTORC1 signaling may be affected when 331 knocking down PK, but not when knocking down any other enzyme directly linked to 332 glycolysis. Nonetheless, the lethal phenotype of PK-RNAi larvae occurring at the late L2 333 stage ( Figure 4B ) might weaken the larvae, inducing a subsequent effect on mTOR 334
signaling. 335
To evaluate the requirement of glycolysis for adult survival, RNAi-knockdown was 336 induced by temperature shift to 29°C in newly emerged flies and lethality was counted 337 every second day. In both males and females, PK and PFK1 knockdown provoked 338 lethality between 10 to 14 days after temperature shift ( Figure 4D ). Knockdown of PDH 339 and LDH also induced adult lethality, although not as soon as PK and PFK1 knockdown 340 ( Figure 4D ). As a comparison, to evaluate the consequence of disrupting fatty acid 341 synthesis, we knocked-down FASN (Fatty Acid Synthase, Figure 4A ) in adults; about a 342 quarter of FASN-RNAi flies died between 10 to 14 days, while the others survived 343 nearly as well as control flies ( Figure 4D ). Taken together, these data indicate that 344 glycolysis is essential for both larval development and adult survival. However, prior to 345 the appearance of the deleterious phenotype, glycolysis knockdown is unlikely to 346 impinge on mTOR signaling. revealed that FASN 1-2 mutant prepupae exhibited a severe reduction in body weight, 381 whether or not they were supplemented with sucrose ( Figure 6B ), suggesting a default 382 in mTOR signaling. Therefore, we analyzed the phosphorylation of the Drosophila 383 S6Kinase (dS6K) and Akt in protein extracts of late feeding L3 larvae. Western-blotting 384 revealed that the dS6K protein resolved in several bands in FASN 1-2 extracts, whereas 385
Akt protein was unchanged ( Figure 6C) . These results suggest that dS6K but not Akt 386 might be degraded in the FASN 1-2 mutant background. In addition, dS6K 387 phosphorylation decreased in FASN 1-2 extracts and became barely detectable when 388 FASN 1-2 larvae were fed a sucrose-supplemented-beySD ( Figure 6C) . Conversely, the 389 phosphorylation of Akt was unaffected in larvae fed a beySD, although it was slightly 390 decreased in larvae fed a sucrose-supplemented-beySD ( Figure 6C ). This finding 391 contrasts with our previous observation showing that FB explants of FASN 1-2 mutant 392 larvae were hypersensitive to insulin (GARRIDO et al. 2015) . However, FASN 1-2 mutants 393 also exhibited a decrease in food intake (GARRIDO et al. 2015) , which might induce a 394 systemic suppression of dS6K phosphorylation, while FB explant were cultured in 395 nutrient media supplemented with insulin. Therefore, to determine whether FASN 396 mutation affects mTOR signaling at the cell-autonomous level, we analyzed P-S6 and 397 P-Akt in FASN 1-2 mutant clones in the FB. As for control clones, about half of the 398 FASN 1-2 clonal cells were P-S6 positive ( Figure 2J and 2K) . Furthermore, no effect on 399 P-Akt was observed in FASN 1-2 clonal cells ( Figure 2D ). In summary, these findings 400 reveal that disrupting FA synthesis does not significantly affect mTORC1 and Ilp 401 signaling at the cell-autonomous level, although it seems to impinge on mTORC1 402 signaling when inhibited in the whole animal whether directly or indirectly. 403
404
Cell-autonomous requirement of FA synthesis for Ilp-but not mTORC1-dependent 405 overgrowth 406
To determine, whether lipogenesis is required at the cell-autonomous level to sustain 407 mTORC1 and/or Ilp dependent growth, we analyzed FASN 1-2 clones while enhancing 408 either of the mTOR signaling branch in FB cells. We previously reported (GARRIDO et al. 409 2015) that FASN 1-2 clonal cells in the FB were slightly reduced in size and that this 410 effect was dramatically increased in larvae fed a 20%-SSD ( Figure S1 and Figure 7M) . 411
Therefore, we generated PTEN -/and Rheb + clones combined or not with the FASN 1-2 412 mutation and analyzed them in the FB of larvae fed either a standard diet or a 20%-413 SSD. As compared to the standard diet, feeding larvae a 20%-SSD had no effect on the 414 size of Rheb + clonal cells, but significantly reduced the size of PTEN -/and of PTEN -/-415 ;Rheb + clonal cells ( Figure 7A-F and 7M ). Further, when combined with the FASN 1-2 416 mutation, PTEN -/but not Rheb + clones were significantly reduced in size ( Figure 7G-H  417 and 7M). The FASN 1-2 mutation also provoked a severe size reduction of PTEN -/-,Rheb + 418 clones ( Figure 7I and 7M) . Moreover, as compared to the standard diet, feeding larvae 419 a 20%-SSD induced a significant size reduction of FASN 1-2 ;Rheb + , FASN 1-2 ,PTEN -/and 420 FASN 1-2 ,PTEN -/-;Rheb + clonal cells ( Figure 7J -L and 7M). Of note, except for the 421 FASN 1-2 ;Rheb + clonal cells in larvae fed a 20%-SSD that exhibited a size roughly 422 identical to that of the surrounding control cells ( Figure 7J ), the cell size was always 423 bigger than the controls ( Figure 7M ). These findings indicate that, in larvae fed a 424 standard diet, FA synthesis is at least in part required to sustain over-growth induced by 425
Ilp, but not mTORC1. They also reveal that additional dietary sucrose is rather 426 detrimental for the growth of cells either deficient for FA synthesis or over-active for Ilp 427 signaling, suggesting that these cells have a restricted homeostatic ability to adjust to 428 an unbalanced diet, whereas mTORC1 activated cells at least in part maintain this 429 ability. 430
431

DISCUSSION 432
In this study, we used the powerful Drosophila genetics to investigate the functional 433 links between the glycolytic/lipogenic axis and mTORC1-or Ilp-dependent growth. In Congruently, a study on a Drosophila rictor mutant reported that the mTORC2 complex 440 was not required to sustain Akt-dependent growth, but rather to play as a rheostat for 441 this signaling branch (HIETAKANGAS AND COHEN 2007). Although this study suggests that 442 mTOR is dispensable for Akt activity, we show that Akt activity and Ilp-dependent 443 overgrowth are suppressed in mTOR ΔP mutant indicating that the mTOR protein is 444 required for these processes. 445
On one hand, to mimic the effect that might be induced by drug treatment with a 446 systemic inhibitor, we dampened the glycolytic/lipogenic axis or enhanced mTORC1 or 447
Ilp signaling in the entire organism. On the other hand, to monitor the cell growth 448 process that spans the entire developmental program at the cell-autonomous level, we 449 analyzed clonal FB cells in mosaic animals. Intriguingly, our study reveals apparent 450 contradictory effects between perturbations at the whole body and cell-autonomous 451 levels. At the organismal level, knockdown of glycolytic enzymes or deficiency of FASN 452 result in animal lethality. However, FASN 1-2 mutant animals supplemented with dietary 453 lipids can survive but exhibit a dramatic overall growth suppression. This growth defect 454 might result from a decrease in mTORC1 activity that is strongly reduced in FASN 1-2 455 mutant animals, suggesting that mTORC1 but not Ilp signaling relies on lipogenesis. In 456 contrast, at the cell autonomous level, the mutation of FASN 1-2 restrains Ilp but not 457 mTORC1 dependent overgrowth in FB cells. These apparent contradictory findings, 458 suggest that the growth defect and the reduction of mTORC1 activity in FASN 1-2 459 mutants are not due to the addition of cell-autonomous effects but rather to a systemic 460 regulation. Potentially, FASN default might affect the activity of a specific tissue, as for 461 instance, the neurosecretory cells that synthesize and secrete Ilps, which promote concurrently perturb endocrine signals dampening overall growth. Of note, we observed 495 that larvae fed a 20%-SSD result in pupae with reduced body weight, an effect that is 496 partially suppressed when either mTORC1 or Ilp signaling is over-activated. The fact 497 that the overall body weight of these animals is maintained within a range likely 498 compatible with organismal survival contrasts with the observed high rate of lethality. 499
The decrease in stores and circulating sugars suggests that in these animals each cell 500 tends to increase its basal metabolism evoking an egoist behavior that might perturb the 501 equilibrium between cell-autonomous and systemic regulation. Thus, in a stressful 502 situation, as when animals are fed a 20%-SSD, the need of a tight adjustment to an 503 unbalanced diet may enhance the distortion between cell-autonomous effects and 504 systemic regulation, resulting in an increased rate of lethality. such compensatory processes do not fully operate to sustain Ilp-dependent overgrowth. 520
In these cells, the mutation of PTEN potentially impedes the ability to modulate this 521 signaling branch. Therefore, it is tempting to speculate that the modulation of Ilp 522 signaling at least in part contributes to the regulation of these compensatory processes. 
